Stimulants such as methylphenidate and amphetamine are currently the most common treatment for attention deficit hyperactivity disorder (ADHD). For years, it was assumed that stimulants had paradoxical calming effects in ADHD patients, whereas stimulating 'normal' individuals and producing locomotor activation in rats. It is now known that low doses of stimulants focus attention and improve executive function in both normal and ADHD subjects. Furthermore, the seminal work of Kuczenski and Segal showed that low, oral doses of methylphenidate reduce locomotor activity in rats as well. Berridge et al have now shown that these low doses produce marked increases in norepinephrine and dopamine release in the prefrontal cortex, whereas having only subtle effects on subcortical catecholamine release. ihe prefrontal cortex regulates behavior and attention using representational knowledge, and imaging and neuropsychological studies have shown that the prefrontal cortex is weaker in subjects with ADHD. This cortical area is very sensitive to levels of catecholamines: moderate levels engage postsynaptic a2A-adrenoceptors and D1 receptors and improve prefrontal regulation of behavior and attention, while high levels impair prefrontal function via a1-adrenoceptors and excessive D1 receptor stimulation. Administering low doses of methylphenidate to rats improves the working memory and attentional functions of the prefrontal cortex, while high doses impair working memory and produce a perseverative pattern of errors similar to that seen in patients. The low dose improvement is hiocked by either an a2-adrenoceptor or Dl receptor antagonist, suggesting that both norepinephrine and dopamine contribute to the beneficial actions of stimulant medications.
INTRODUCTION
For decades, basic research on the neurochemical and behavioral actions of stimulants has focused on higher doses that induce locomotor hyperactivity and promote dopamine release in ventral and/or dorsal striatum. This body of work has been the foundation for many of the dopaminergic hypotheses of schizophrenia and drug abuse. In particular, the sensitizing effects of repeated, highdose stimulant administration have been a major focus of this work. Much of David Segal's career was spent characterizing the behavioral and neurochemical differences that emerge following repeated, high-dose amphetamine administration (see, for example, Kuczenski, 1987, 1997a, b) In contrast to these basic studies in rats, humans given stimulant medications for the treatment of attention deficit hyperactivity disorder (ADHD) display reduced locomotor activity and improved attentional focus. For years, it was presumed that stimulant medications had paradoxical effects in ADHD. However, it is now established that the focusing effects of stimulants in ADHD are not paradoxical; these agents have the same effect in 'normal' human subjects (albeit a more subtle response given ceiling effects) (Rapoport and Inoff-Germain, 2002) . However, the discrepancies between locomotor-activating effects in rodents and the focusing effects in humans remained: it was assumed that the locomotor-activating effects of stimulants in rodents must be owing to species differences, thus weakening the validity of rodent models of ADHD.
A major advance for the field of ADHD was the finding by Kuczenski and Segal (2002) that low, oral doses of methylphenidateFdoses that produce blood levels similar to those in ADHD patientsFcan decrease locomotor activity in juvenile rats. Thus, it was not that rats and humans had opposite responses to stimulants, but rather that rats had previously been given doses far in excess of those equivalent to human therapeutic medications. This key finding redirected the entire field, and has allowed us to study the therapeutic mechanisms of stimulant medications using valid rodent models.
THE BIOCHEMICAL EFFECTS OF LOW-DOSE STIMULANT ADMINISTRATION
Previous research with higher doses of stimulants focused on the dopaminergic effects of these compounds in subcortical structures. Methylphenidate and amphetamine were known to block the dopamine transporter and enhance dopamine release, and robust increases in dopamine release were observed in the nucleus accumbens (Segal and Kuczenski, 1999) and dorsal striatum (Kuczenski and Segal, 1997) of rats given high doses of stimulants. Supportive evidence was found in human imaging studies, where intravenous stimulant administration displaced D2 receptor PET ligands, an indication of increased endogenous dopamine release (Volkow et al, 2002b) . This measure of D2 receptor stimulation correlated with measures of reinforcement, consistent with the rodent work (Volkow et al, 2002b) . In contrast, oral administration of lower doses of stimulants produces more subtle and slower effects on striatal dopamine release (Volkow et al, 2002a) . The amount of dopamine release in the nucleus accumbens is especially pertinent to drug abuse, and thus rodent studies focused on this brain region to try to determine whether the doses of stimulants given to children would alter dopamine release in this structure. Segal (2002, 2005) first identified the dose regimen of orally administered, low doses that produced blood levels similar to those observed in children taking stimulants to treat ADHD symptoms. They found that these low, oral doses had little or no effect on DA release in the nucleus accumbens, and they found no evidence of stimulant sensitization following low-dose chronic usage. These results in rats are consistent with observations of children taking stimulants: ADHD medications do not produce euphoria (indeed, dysphoria is the more likely side effect), and the incidence of drug abuse is actually reduced in properly medicated ADHD patients (Hechtman and Greenfield, 2003; Katusic et al, 2005) .
Although Kuczenski and Segal (2002) found only subtle effects of low-dose oral methylphenidate on dopamine release in the nucleus accumbens, they did observe increased release of norepinephrine in the hippocampus. Based on this seminal paper, Berridge et al (2006) then explored low-dose stimulant effects on dopamine and norepinephrine release in the prefrontal cortex, a brain region closely linked to ADHD, as well as in the nucleus accumbens and medial septal area. A summary of these results can be seen in Figure 1 . As with Kuczenski and Segal, only subtle effects were observed in accumbens dopamine release. There was also some subcortical norepinephrine release in the medial septal area. However, the greatest effects were observed in prefrontal cortex, where there were especially high levels of norepinephrine release (400% increase; Figure 1a) , and significant levels of dopamine release (250% increase; Figure 1b) . The functional ramifications of enhanced catecholamine release in prefrontal cortex are discussed below. It is noteworthy that atomoxetine (Strattera) also increases norepinephrine and dopamine release in the prefrontal cortex (Bymaster et al, 2002) ; thus, catecholamine release in the prefrontal cortex may be a common action for many ADHD therapeutics. It should be noted that available PET and SPECT neuroreceptor ligands are generally unable to detect the delicate catecholamine input to cortex. Thus, current imaging methods are limited to the striatum. Research is in progress to visualize catecholamine actions in the prefrontal cortex of human subjects.
THE ROLE OF THE PREFRONTAL CORTEX IN EXECUTIVE FUNCTIONS
The prefrontal cortex guides behavior and attention using working memory, applying representational knowledge to inhibit inappropriate actions, thoughts, and feelings. These processes are the basis of the so-called executive functions, including regulation of attention, planning, impulse control, mental flexibility, and the initiation and monitoring of action. Lesions to the prefrontal cortex produce symptoms such as forgetfulness, distractibility, impulsivity, perseveration, and disorganization. Lesions in the ventromedial prefrontal cortex can impair regulation of emotion, and result in inappropriate social behaviors such as aggression (Anderson et al, 1999) .
The role of prefrontal cortex in attention regulation has been appreciated for many years. The prefrontal cortex regulates what we attend to based on represented goals. The prefrontal cortex inhibits responses to distracting stimuli and suppresses irrelevant thoughts such as proactive interference. Thus, patients with prefrontal cortex lesions are easily distracted (Woods and Knight, 1986; Godefroy and Rousseaux, 1996) , are impaired at gating sensory stimuli (Knight et al, 1989; Yamaguchi and Knight, 1990) , . Low-dose MPH produces substantially larger increases in NE and DA within the PFC relative to the MSA and Acc, respectively. At this dose, but not 0.25 mg/kg, MPH produces a larger increase in PFC NE levels relative to PFC DA. Similar preferential actions of MPH on PFC catecholamines were observed with oral administration (2.0 mg/kg). *Po0.05 compared to vehicle-treated animals. Data from Berridge et al (2006) .
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have poor concentration and organization, and are more vulnerable to disruption from proactive interference (Thompson-Schill et al, 2002) . Prefrontal cortex lesions impair the ability to sustain attention, particularly over long delays (Wilkins et al, 1987) . Lesions of the dorsolateral prefrontal cortex impair the ability to shift attentional set (Manes et al, 2002) . Prefrontal cortex lesions also impair divided attention, and these attentional deficits have been associated with lesions in the left, superior prefrontal cortex (Godefroy and Rousseaux, 1996) . Similar results have been seen in animals, where prefrontal cortex lesions impair attentional regulation in monkeys (Malmo, 1942; Bartus and Levere, 1977; Dias et al, 1996) , and rats (Muir et al, 1996) .
The prefrontal cortex also allows us to regulate overt behaviors including locomotor activity. The right inferior prefrontal cortex is particularly important for behavioral inhibition (reviewed in Aron et al, 2004) . Both imaging (Konishi et al, 1999; Rubia et al, 2003) and lesion studies indicate that the right prefrontal cortex in humans is critical for inhibitory abilities, for example, performance of the stop or go-no go tasks. The importance of the prefrontal cortex to inhibitory control has also been shown in monkeys with lesions to the prefrontal cortex (Petrides, 1986) , and in electrophysiological (Watanabe, 1986 ) and imaging studies (Morita et al, 2004) . There is also a classic literature demonstrating that prefrontal cortex lesions cause locomotor hyperactivity in monkeys (Kennard et al, 1941; French, 1959; Gross, 1963; Gross and Weiskrantz, 1964) . Thus, some of the locomotor hyperactivity observed in ADHD may arise from prefrontal cortex dysfunction.
The cellular basis for prefrontal cortical regulation of attention and behavior has been an arena of intensive research in animals. Prefrontal neurons are able to represent spatial and feature information in the absence of environmental stimulation (Goldman-Rakic, 1995) . This firing is often measured during the delay period of working memory tasks when information must be kept in mind for correct performance. Prefrontal neurons can also fire in relationship to an abstract rule that is used to govern action (Wallis et al, 2001) . A unique feature of prefrontal neurons is their ability to maintain information in the presence of interference from distracting stimuli (Miller et al, 1993) . Delay-related firing also can serve as the basis for behavioral inhibition, as examined in an anti-saccade task in which monkeys must look away from a remembered visual stimulus (Funahashi et al, 1993) . Thus, delay-related activity is observed both when an animal must make a memory-guided action and when an animal must withhold a prepotent response based on representational knowledge. Weakening of these abilities likely contributes to ADHD.
PREFRONTAL CORTICAL DYSFUNCTION IN ADHD
Evidence from a variety of perspectives demonstrates that prefrontal cortical function is weaker in subjects with ADHD (reviewed in Arnsten et al, 1996; Barkley, 1997; Aron and Poldrack, 2005) . Neuropsychological analyses have shown that patients with ADHD are impaired on the same tasks as those with prefrontal lesions, for example, tasks of behavioral inhibition, reward reversal, and working memory (Itami and Uno, 2002; Bedard et al, 2003; McLean et al, 2004) . Although some neuropsychological studies disagree with the importance of executive function deficits in ADHD, these studies are often flawed by the use of inappropriate tasks for evaluating children (eg the Stroop color-naming interference task, which assumes that reading is a prepotent response that must be inhibited, an assumption often invalid in children; van Mourik et al, 2005) , disagreement on which processes constitute executive functions (eg not including attention regulation parameters as executive functions; Schoechlin and Engel, 2005) , or by the use of tasks with ceiling effects for this patient population. Deficits in attention can also lead to secondary impairments on widespread cognitive abilities that depend on proper perception and encoding. Thus, it is difficult to ascertain specificity in this patient population (Boonstra et al, 2005) . It is likely that ADHD does not involve global prefrontal deficits in all ADHD patients, as subcircuits within prefrontal cortex are likely differentially sensitive to genetic mutations and/or developmental abnormalities. This heterogeneity in types of PFC dysfunction would account for a weaker effect size on any one task. However, when viewed as a whole, the literature indicates that functions dependent on the PFC are weaker in ADHD patients. Numerous structural imaging studies have shown reduced size of the prefrontal cortex in ADHD patients, particularly in the right hemisphere (Castellanos et al, 1996; Casey et al, 1997; Filipek et al, 1997; Giedd et al, 2001; Kates et al, 2002; Hill et al, 2003; Sowell et al, 2003) . Many of these studies have also found reduced volume of cerebellum, caudate, and corpus callosum Castellanos et al, 2002) . A large study of children aged 5-18 showed that the developmental trajectories for these structures, except caudate, remained parallel for patients and controls during childhood and adolescence, and were observed in children who had never received stimulant treatment (Castellanos et al, 2002) . These findings emphasize the biological nature of ADHD. Functional imaging studies have also shown evidence of inefficient or reduced blood flow or metabolism in prefrontal cortex of ADHD patients, deficits that correspond with poor prefrontal cortical cognitive function (Rubia et al, 1999; Yeo et al, 2000; Bush et al, 2005) .
GENETICS OF ADHD: FOCUS ON CATECHOLAMINES
ADHD is often an inherited disorder, and many of the genes associated with ADHD code for molecules involved with catecholamine transmission (reviewed in Faraone et al, 2005) . Initial genetic studies focused on molecules involved with dopamine transmission. Researchers have consistently found associations between ADHD and the genes encoding for the dopamine transporter, and the D1, D4, and D5 receptors. More recently, genetic studies have turned to genes associated with norepinephrine transmission. The norepinephrine synthetic enzyme dopamine beta hydroxylase (DBH) and the gene encoding for the a2A adrenoceptor have been associated with ADHD (Roman et al, 2003; Park et al, 2005) . It should be noted that the D4 receptor has very high affinity for norepinephrine (Van Tol et al, 1991) and should really be considered a catecholamine receptor. Patients with ADHD show a greater prevalence of the seven repeat polymorphism form of the D4 receptor that renders this receptor less effective. Intriguingly, a recent study has associated changes in the D4 receptor with reduced prefrontal volume (Durston et al, 2005) , and with poor performance of a sustained attention task (Bellgrove et al, 2005) . Similarly, genetic alterations in DBH are associated with impaired sustained attention in ADHD (Bellgrove et al, 2006) . These relationships between genetic changes in catecholamine signaling and prefrontal cognitive deficits are consistent with the important role of dopamine and norepinephrine in prefrontal cognitive function.
CATECHOLAMINE MODULATION OF PREFRONTAL CORTICAL FUNCTION
The working memory abilities of the prefrontal cortex are greatly influenced by the levels of catecholamines released in prefrontal cortex. Either insufficient or excessive catecholamine receptor stimulation can markedly impair prefrontal cortex cognitive function. For more extensive reviews of this topic, see Arnsten and Robbins (2002) and Arnsten and Li (2005) .
Dopamine
Dopamine modulates prefrontal cortex functions through actions at the D1 (D1, D5) and D2 (D2, D3, D4) families of receptors. Research elucidating the role of the D2 family is still in progress, but a clear picture is emerging with regard to the D1 receptor family. There are no drugs that distinguish between D1 and D5 receptors, and thus all references to 'D1' generally refer to either the D1 or D5 subtype. Stimulation of D1/D5 receptors produces an inverted 'U'-shaped doseresponse on the working memory and attention regulation processes of the prefrontal cortex (Zahrt et al, 1997; Granon et al, 2000) . Whereas modest levels of D1 receptor stimulation are essential for prefrontal cortex function, high levels of dopamine release occur during exposure to stress, and impair working memory and attention regulation. Many of these D1/ D5 actions appear to be mediated via cAMP/protein kinase A intracellular signaling mechanisms . A similar inverted 'U' has been described at the cellular level in monkeys performing a spatial working memory task. Moderate levels of D1/D5 receptor stimulation suppress delay-related firing for nonpreferred spatial directions (ie 'noise'), and thus enhance spatial tuning (Williams and Goldman-Rakic, 1995; Vijayraghavan et al, 2006) . However, high levels of D1/D5 receptor stimulation suppress delay-related firing for all directions, and thus erode spatial tuning . Limited studies have been performed in humans owing to the lack of selective D1/D5 compounds available for human use. However, studies with nonselective compounds have suggested that an inverted 'U' may be evident in humans as well as animals (Kimberg et al, 1997) , and that compounds that prefer D1 receptors may be more helpful than D2 agonists in improving working memory (Muller et al, 1998) . Taken together, these studies suggest that genetic alterations in the D1 or D5 receptor, or in molecules that influence the level of DA available in the synapse (eg the dopamine transporter, the catabolic enzyme COMT) could influence the strength of prefrontal cortical regulation of behavior.
Norepinephrine
As with dopamine, moderate levels of NE are critical for proper prefrontal cortical function, whereas high levels released during stress impair prefrontal cortical function. The beneficial effects of NE may be especially relevant to medications used to treat ADHD (see below). Norepinephrine improves prefrontal cortex function through actions at post-synaptic, a2A receptors. Although the older literature emphasized the prevalence of pre-synaptic a2 receptors that inhibit NE release and reduce noradrenergic cell firing, it is now known that the vast majority of a2 receptors are localized post-synaptic to norepinephrine terminals. It is these post-synaptic receptors that mediate the enhancing effects of a2 agonists on prefrontal cognitive function (Arnsten and Goldman-Rakic, 1985; Cai et al, 1993) . Studies in genetically modified mice have demonstrated that the a2A subtype, rather than the a2B or a2C subtype, underlies the enhancement in prefrontal cognitive function (Franowicz et al, 2002) . These enhancing effects appear to result from inhibiion of cAMP intracellular signaling . The a2A agonist, guanfacine, improves many aspects of prefrontal cortical function, including working memory, attention regulation, behavioral inhibition, and planning, and these effects have been seen in rats (Tanila et al, 1996; Ramos et al, 2006) , monkeys (Arnsten et al, 1988; Mao et al, 1999) , and humans (Jakala et al, 1999) . The enhancing effects of a2A agonists are most evident in subjects with PFC dysfunction, and these compounds can be less efficacious and/or potent in young adult animals (Franowicz and Arnsten, 1998) or humans (Muller et al, 2005) with healthy endogenous noradrenergic systems. SPECT imaging has shown that systemic administration of guanfacine activates dorsolateral prefrontal cortex in monkeys performing a spatial working memory task Avery et al, 2000) . Importantly, guanfacine appears to improve the functioning of both lateral Wang et al, 2004) and ventromedial (Steere and Arnsten, 1997) prefrontal circuits, and thus strengthens regulation of both intellectual and emotional responses. a2A-Adrenoceptor stimulation also strengthens prefrontal function at the cellular level. Thus, a2A agonists enhance, whereas antagonists erode, delay-related prefrontal cell firing (Sawaguchi, 1998; Li et al, 1999; Wang et al, 2006) . In contrast to stimulation of DA D1 receptors that suppress 'noise', norepinephrine a2A receptor stimulation enhances spatial tuning by increasing 'signals', that is, increasing delayrelated firing for the preferred spatial direction. Studies in progress indicate that guanfacine increases delay-related firing and improves prefrontal cognitive function by strengthening the functional connectivity of microcircuits in the prefrontal cortex via inhibition of cAMP intracellular signaling . In contrast, blockade of a2 receptors in the prefrontal cortex of monkeys erodes delayrelated cell firing and recreates all the symptoms of ADHD: poor impulse control , locomotor hyperactivity , and weakened working memory (Li and Mei, 1994) underlying increased distractibility. From these basic studies, it is clear that genetic alterations in NE synthetic enzymes (DBH) or in a2A adrenoceptors may contribute to ADHD symptomology by weakening endogenous noradrenergic a2A-adrenoceptor signaling.
In contrast to these beneficial effects at moderate concentrations, high levels of norepinephrine release (eg during stress) impair prefrontal function through actions at a1 receptors (Birnbaum et al, 1999 (Birnbaum et al, , 2004 ) and possibly b1 receptors as well . Based on this work, the a1 receptor blocker, prazosin, is now in use for the treatment of post-traumatic stress disorder (Raskind et al, 2003) . Recordings of prefrontal neurons have found that a1-adrenoceptor stimulation decreases delay-related cell firing for the preferred direction (Birnbaum et al, 2004) . These detrimental actions are mediated by activation of protein kinase C intracellular signaling (Birnbaum et al, 2004) . Interestingly, excessive protein kinase C signaling has been associated with mania (Manji and Lenox, 1999) , and bipolar disorder and ADHD are often confused in children with high levels of distractibility, impulsivity, and hyperactivity (Biederman et al, 2000) . In this regard, it is of interest that most 'atypical' anti-psychotic medications have potent a1 blocking properties. Thus, prefrontal deficits associated with high levels of stress or with bipolar disorder may benefit from inhibition of a1/protein kinase C signaling.
LOW-DOSE STIMULANTS IMPROVE PREFRONTAL CORTICAL FUNCTION IN HUMANS AND ANIMALS
Given the role of prefrontal cortical deficits in ADHD, studies have examined whether stimulant medication can ameliorate prefrontal deficits in patients and in animals. Methylphenidate has now been found to improve spatial working memory, response inhibition, set-shifting, and other prefrontal cognitive functions in both 'normal' college students (Elliott et al, 1997; Mehta et al, 2000) and in children and adults with ADHD (Aron et al, 2003; Bedard et al, 2003; Mehta et al, 2004) . In adults with ADHD, childhood ratings of ADHD correlated with response to methylphenidate on the spatial working memory task (Turner et al, 2005) . Thus, studies of spatial working memory performance are likely relevant to the therapeutic actions of this compound in ADHD.
Spatial working memory is classically assessed in rats using delayed alternation testing on a T maze (Larsen and Divac, 1978) . Low doses of methylphenidate, which increase catecholamine release in prefrontal cortex, have recently been shown to improve delayed alternation performance in rats (Figure 2 ; Arnsten and Dudley, 2005; Berridge et al, 2006) . Low doses of methylphenidate also improved performance of a sustained attention task, the five-choice attention task that similarly depends upon prefrontal cortex (Berridge et al, 2006) . In contrast to low doses of methylphenidate, higher doses impaired performance of the delayed alternation task (eg Figure 2a) , consistent with excessive catecholamine receptor stimulation impairing prefrontal cortical cognitive function. These impairing effects at higher doses may correspond to the mental inflexibility often described in patients taking excessive doses of stimulant medication.
The receptor mechanisms underlying the therapeutic effects of low, oral doses of methylphenidate have recently begun to be examined. As shown in Figure 2 , studies in rats have shown that the cognitive-enhancing effects of methylphenidate on spatial working memory are prevented by blockade of either noradrenergic a2-adrenoceptors (Figure 2b ) or dopamine D1 receptors (Figure 2c ) (Arnsten and Dudley, 2005) . Thus, stimulants likely facilitate endogenous catecholamine stimulation of D1 and a2A receptors in prefrontal cortex. The receptor mechanisms underlying the cognitive errors observed following highdose methylphenidate administration are currently under investigation. These may involve excessive D1, a1, and/or b1 receptor stimulation in prefrontal cortex. Thus, we now have rodent models to examine the neurochemistry and neuropharmacology of stimulant actions in ADHD. The results so far, when viewed in combination with genetic studies of ADHD, suggest that stimulants may ameliorate weaknesses in catecholamine signaling in the prefrontal cortex of ADHD subjects.
SUMMARY
Thanks to the patient work of Kuczenski and Segal (2002) , the correct path has been illumined to pursue the neural mechanisms underlying the therapeutic effects of stimulant Figure 2 The effects of oral administration of MPH on delayed alternation performance in male rats. (a) A representative dose-response curve from an individual rat. For most rats, a lower dose (1.0-2.0 mg/kg, p.o. 30 min) was found to improve performance, whereas higher doses often impaired performance (1.5-3.0 mg/kg). (b) The enhancing effects of methylphenidate (1.0-2.0 mg/kg) were blocked by co-administration of the a2 adrenoceptor antagonist idazoxan (IDA, 0.1 mg/kg), which had no effect on its own. Results represent mean7SEM percent correct on the delayed alternation task. **significantly different from VEH; w significantly different from MPH. (c) The enhancing effects of methylphenidate were blocked by co-administration of the dopamine D1 receptor antagonist SCH23390 at doses (0.01-0.1 mg/kg) that had no effect on their own. **Significantly different from VEH; w significantly different from MPH. Data adapted from Arnsten and Dudley (2005) .
medications in rodent models. The spotlight has turned to much lower doses, and a logical picture emerges, bridging genetics and neurobiology with the pharmacological treatment of ADHD.
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